Pulmonary hypertension has been associated with poor outcome after liver transplantation. We assessed the diagnostic accuracy of Doppler echocardiography in detecting significant pulmonary hypertension. Seventyfour potential liver transplant candidates underwent Doppler echocardiography in which the systolic right ventricular pressure (RVsys) was used to estimate the systolic pulmonary artery pressure (PAsys). Group 1 included 39 consecutive patients with RVsys H50 mm Hg who underwent elective right heart catheterization. Group 2 consisted of 35 patients with RVsys F50 mm Hg in whom pulmonary artery pressures were measured at the beginning of the transplantation procedure. The accuracy of the estimates by Doppler echocardiography was assessed against measurements made by direct catheterization. Patients in groups 1 and 2 were comparable in their demographic and liver disease characteristics. There was a strong correlation between RVsys by Doppler echocardiography and PAsys by right heart catheterization (r ‫؍‬ .78, P F .01). Of the 39 patients in group 1, 29 (72%) had at least moderate pulmonary hypertension (mean pulmonary artery pressure [MPAP] H35 mm Hg), including 12 (30%) with severe pulmonary hypertension (MPAP H50 mm Hg). Only 1 of the group 2 patients had MPAP H35 mm Hg. Thus, in the diagnosis of moderate to severe pulmonary hypertension, the sensitivity of echocardiography was 97% and specificity was 77%. Doppler echocardiography is an accurate screening test to detect moderate to severe pulmonary hypertension. We advise that liver transplant candidates with RVsys H50 mm Hg undergo right heart catheterization to fully characterize pulmonary hemodynamics. (Liver Transpl 2000;6:453-458.) P ulmonary hypertension is not uncommonly encountered in patients with advanced liver disease. Portopulmonary hypertension (PPH) is the most significant type of pulmonary hypertension, and it may be seen in up to 9% of patients with advanced liver disease. 1,2 PPH is defined hemodynamically by increased mean pulmonary artery pressure (MPAP Ͼ25 mm Hg) and normal volume status or pulmonary capillary wedge pressure (PCWP Ͻ15 mm Hg) in patients with chronic liver disease and portal hypertension. 3 An additional criterion of increased pulmonary vascular resistance (PVR Ͼ120 dyne · s · cm Ϫ5 ) is favored by some investigators. 4 This latter condition further emphasizes the pulmonary arterial pressureflow relationship.
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The exact pathophysiologic mechanism causing pulmonary arterial hypertension in these patients remains to be elucidated. 5 It is believed that pulmonary vasoconstriction and the high flow state associated with hepatic dysfunction plays an important part early in the pathogenesis. 1 Autopsy studies have shown vascular medial hypertrophy, intimal fibrosis, and plexogenic arteriopathy with or without thrombotic change in varying degrees. 6 The hemodynamic correlates and reversibility of these lesions are poorly understood.
In the context of orthotopic liver transplantation (OLT), PPH has been associated with poor outcome. In particular, increased mortality and morbidity have been reported in patients with moderate (MPAP Ն35 mm Hg) or severe (MPAP Ն50 mm Hg) pulmonary hypertension. [7] [8] [9] [10] [11] Given the potentially devastating impact of undiagnosed PPH in liver transplant recipients, Doppler echocardiography has been used as a screening test for pulmonary hypertension. However, the accuracy and utility of Doppler echocardiography in estimating the pressure of the pulmonary circulation in patients with PPH are not well established. Thus, the aim of this study was to assess the diagnostic accuracy of Doppler echocardiography in detecting pulmonary hypertension in liver transplant candidates, by (1) examining the correlation between the systolic right ventricular pressure (RVsys) measured by Doppler echocardiography and the systolic pulmonary artery pressure (PAsys) measured by cardiac catheterization, and (2) evaluating the sensitivity and specificity of Doppler echocardiography in the diagnosis of clinically significant pulmonary hypertension (MPAP Ͼ35 mm Hg).
Methods

Patients
This study was based on 2 groups of patients (n ϭ 74) who were referred for liver transplantation at the Mayo Clinic from 1996 to 1999 (Table 1) . Doppler echocardiography was performed routinely as a pretransplant screening test in all liver transplant candidates. Group 1 (n ϭ 39) consisted of consecutive potential liver transplant candidates who had an RVsys Ն50 mm Hg by Doppler echocardiography. All of these patients underwent elective right-heart catheterization with measurement of pulmonary artery pressures and cardiac output. Group 2 (n ϭ 35) included a random sample of liver transplant recipients who underwent transplant evaluation during the same period as group 1. All had RVsys Ͻ50 mm Hg by Doppler echocardiography. Pulmonary artery pressures were measured under anesthesia at the beginning of the transplantation procedure, in all patients who underwent OLT, including 6 patients in group 1. This study was approved by the Institutional Review Board of the Mayo Foundation.
Hemodynamic Measurement
Clinically stable patients in group 1 underwent outpatient right-heart catheterization. Using a balloonfloatation catheter, main pulmonary artery systolic and diastolic measurements were obtained. MPAP and PCWP were measured. In all patients who underwent liver transplantation, pulmonary artery catheters were routinely placed before the procedure and hemodynamic measurements were obtained after the induction of anesthesia with the patients intubated and breathing 40% inspired oxygen.
Doppler Echocardiography
Complete 2-dimensional and Doppler transthoracic echocardiography were recorded using various models of commercially available echocardiographic equipment. Continuous-wave Doppler recording of the tricuspid regurgitant signal was obtained from the parasternal, apical, and subcostal views. Dopplerderived RVsys was then calculated from the peak tricuspid regurgitant velocity (TR) using the modified Bernouilli equation and an estimate of the right atrial pressure (RA): RVsys ϭ 4x(TR) 2 ϩ RA. RA pressure was estimated to be either 5, 10, or 14 mm Hg depending on the degree of vascular filling of the inferior vena cava. Because no patients in either group had right ventricular outflow obstruction, PAsys was considered equivalent to RVsys.
Data Analysis
Baseline patient characteristics in groups 1 and 2 included age, gender, liver disease diagnosis, presence/ absence of ascites and encephalopathy, and laboratory data (total bilirubin, albumin, prothrombin time, and creatinine). The 2 groups were compared using the Wilcoxon's rank sum test for continuous variables and the chi-square test for categorical variables.
The correlation between the RVsys measured by Doppler echocardiography and PAsys by cardiac catheterization was examined using the Pearson correlation and linear regression analyses. A Bland-Altman plot was generated to further examine the relationship between the 2 methods of hemodynamic measurements. 12 The sensitivity and specificity of the RVsys measured by Doppler echocardiography in detecting clinically significant pulmonary hypertension were calculated. This included a moderate degree of pulmonary hypertension defined as MPAP Ն35 mm Hg and severe pulmonary hypertension with MPAP Ն50 mm Hg. Table 1 summarizes characteristics of patients of the 2 groups. Except for the hemodynamic data, the 2 groups were comparable. With regard to the etiology of liver disease, the frequency of diseases of presumed autoimmune cause was not higher in group 1, which may suggest that pulmonary hypertension observed in patients with cirrhosis may be pathogenetically distinct from primary pulmonary hypertension, which is frequently associated with autoimmune disorders. Figure 1 shows the correlation between the RVsys measured by Doppler echocardiography and PAsys measured by right-heart catheterization. A robust correlation was found between systolic pulmonary artery pressures measured by the 2 methods (r ϭ .78, P Ͻ .01). Figure 2 represents a Bland-Altman plot showing the differences between the 2 measurement methods using the pulmonary artery pressure by cardiac catheterization as the gold standard. The mean difference between the 2 methods was 2.8 mm Hg (SD, 16.1), a small discrepancy considering the magnitude of pulmonary artery pressures encountered in this population.
Results
Among patients in group 1, the MPAP measured by cardiac catheterization was 45 mm Hg (SD, 14). Of group 1 patients, 17 (42%) had moderate pulmonary hypertension (35 mm Hg Յ MPAP Ͻ 50 mm Hg), whereas 12 (30%) had severe pulmonary hypertension (MPAP Ն50 mm Hg). Table 2 summarizes the sensitivity and specificity of Doppler echocardiography in the detection of clinically significant pulmonary hypertension as defined by MPAP Ն35 mm Hg. The sensitivity for the Doppler echocardiography to detect moderate to severe pulmonary hypertension was 97% and specificity was 77%. Table 3 compares hemodynamic measurements taken (1) at the time elective catheterization during pretransplant evaluation, and (2) at the beginning of the transplantation procedure in 6 patients in group 1 who underwent liver transplantation. The 2 measurements in each category were closely correlated, indicating reproducibility of hemodynamic measurements by cardiac catheterization and lack of significant variabil- 
Discussion
Hemodynamic definition of portopulmonary hypertension includes (1) elevated mean pulmonary artery pressure (MPAP Ն25 mm Hg), (2) increased pulmonary vascular resistance (PVR Ն120 dyne · s · cm Ϫ5 ), and (3) normal pulmonary capillary wedge pressure (PCWP Յ15 mm Hg). 3, 4 Thus, not all patients with elevated pulmonary artery pressure have portopulmonary hypertension. It is not uncommon for cirrhotic patients to have hyperdynamic circulation or fluid overload, which may elevate the pulmonary artery pressure without the defining changes in the pulmonary vascular bed. 4 Nonetheless, elevated pulmonary artery pressure is the cardinal feature of this syndrome, which can be measured by noninvasive diagnostic modalities, as shown in this study.
The rationale for screening for pulmonary hypertension in liver transplant candidates is that the outcome of OLT in patients with significant PPH may be substantially compromised. Firstly, PPH has been associated with increased risk of intra-and posttransplant mortality. [7] [8] [9] [10] [11] Clinically significant PPH that constitutes a high-risk mortality may be characterized by (1) MPAP Ն35 mm Hg, (2) PVR Ն250 dyne · s · cm Ϫ5 , or (3) cardiac output Յ8 L/min. In our recent literature review of 43 liver transplant recipients in 19 reports, MPAP Ն35 mm Hg was 14, 15 Thirdly, in patients who survive the transplant procedure, pulmonary hypertension may or may not improve subsequently. [16] [17] [18] This study showed that Doppler echocardiography is a useful screening tool to detect of clinically significant pulmonary hypertension. Doppler echocardiography was able to estimate the PAsys by measuring the RVsys. Moreover, the RVsys by Doppler echocardiography was sensitive and specific in detecting clinically significant pulmonary hypertension as defined above. Overall, Doppler echocardiography appears to be a valuable initial step in assessing pulmonary hemodynamics in liver transplant candidates.
There is virtually no documentation in the literature evaluating the diagnostic accuracy of Doppler echocardiography in the assessment of pulmonary hypertension in patients with suspected PPH. Studies undertaken in patients with other types of pulmonary hypertension appear to support the validity of our study. 19, 20 In one such study in patients with primary pulmonary hypertension and systemic sclerosis, nearly identical results were reported with a sensitivity of 90% and specificity of 75% and a correlation coefficient of .83. 20 The diagnostic accuracy of echocardiography may be lower in other types of pulmonary hypertension such as pulmonary embolism or cor pulmonale, because of other complicating factors specific to these entities. 21, 22 One caveat of this study is that the direct measurement of right-heart pressures was undertaken in dissimilar settings, i.e., by elective catheterization in group 1 and under anesthesia at the time of the transplantation procedure in group 2. This is also reflected in the time interval between echocardiography and catheterization ( Table 1) . While longer time intervals in group 2 may have introduced more variability in the 2 measurements, there was no correlation between the time interval and the degree of discrepancy between the 2 measurements. In addition, the influence of anesthetic agents on the pulmonary vascular bed may potentially alter pulmonary artery pressures. We had only 6 patients in which to examine this possibility (Table 3) . Despite the small number, no systematic or significant differences were found between pulmonary artery pressures measured in the 2 settings in the same individuals.
In summary, we showed a strong correlation between Doppler echocardiographic assessment and direct hemodynamic measurement of pulmonary artery pressures in patients with end-stage liver disease. Doppler echocardiography is highly sensitive and specific in detecting clinically significant pulmonary hypertension. We conclude that liver transplant candidates with systolic right ventricular pressure Ն50 mm Hg by Doppler echocardiography should undergo right-heart catheterization preoperatively to assess perioperative risk and establish baselines for potential treatment.
